INTRODUCTION
Rise in price of fuel and energy resources encourages consumers to pay greater attention to additional sources of energy saving. Among such potential reserves are: optimization of heat consumption on the basis of detailed analysis of the structure of heat losses; optimization of window structures installed in skylights and the use of a heat power optimization system for automatic heat regulation according to the actual heat demand, for example, to maintain the temperature in a building at a desired level. The optimization plan for the main building of the Ulyanovsk State Technical University (UlSTU) includes the heat optimization system (HOS), the thermal model developed to be used with HOS software and to analyze the structure of heat losses.
Ideas of energy saving and energy effi ciency in the microclimate system of residential and industrial buildings have recently attracted considerable attention of researchers and developers from research centers all over the world.
Such problems as the impact of climate systems to ensure the internal environment of the building and the infl uence of the people inside the building and an increased
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of effi cient power systems to ensure building microclimate with insulated windows of increased tightness. Only insulated windows with a plastic frame (PVC windows) are considered. Some researchers provide an analysis of the results of building energy-saving potential of the microclimate control systems. The study includes modeling and research of ventilation modes and thermal control in a building with PVC windows of increased tightness using a self-designed mathematical apparatus and soft ware. It is shown that the real cost of thermal energy provided by the installation of PVC windows is reduced due to the latent heat loss associated with the growth of the ventilation load to ensure a comfortable microclimate. The research off ers a way and conditions of the fullest realization of technical and economic benefi ts off ered by PVC windows.
Some measurements of regulated microclimate indicators were made in the classrooms of the main academic building equipped with PVC windows and revealed a signifi cant excess of the carbon dioxide admissible level and comfortable temperature limits, as well as the decrease below the acceptable level in the air mobility indoors . Besides the discomfort for students and staff that fact means the increase in the latent heat losses due to uncontrolled window openings and ventilation. That is why the benefi ts of the use of PVC windows and the previously installed automatic heat consumption control system have not been fully implemented.
The present article is devoted to a special investigation made in order to study the conditions and ways of improving the effi ciency of energy and microclimate systems of buildings with PVC windows of increased tightness.
MODELING OF HEAT LOSS THROUGH A WINDOW
There is a number of factors affecting specifi c heat losses (per unit surface area) through windows such as the temperature of outdoor and indoor air, the wind speed, the number of layers, and the thickness of the glass sheet in the package, the thickness of the air gap between the panes, and the window size. An analytical model of heat transfer through windows in a building is needed to fi nd an optimal solution for window design suitable for specifi c conditions. The heat transfer analysis was carried out for double-and triple-glazed windows.
During the simulation of heat transfer process we assume that the air layers of glass do not communicate with the environment, the temperature fi eld in the pane is one-dimensional, and the process is stationary.
For such conditions the heat fl ux (heat fl ux per unit surface) through the glazing is defi ned by the relation
where α 1 and α 2 are the heat transfer coeffi cients, respectively, on the inner and outer surfaces of glazing, W/(m 2 ·K); t f 1 and t f 2 are the temperature of the internal and external air, respectively, o C; δ gl is the thickness of the glass sheet, m; λ gl and λ i are the thermal conductivity coeffi cients of glass and air, respectively, W/(m 2 ·K); δ a and δ i are the thicknesses of the air layer in double-glazed and arbitrary glazed windows, respectively, m; ε is the convection coeffi cient in the air layer of glazing, and n is the number of glass layers in the glazed pane. The values of t f 1 and t f 2 are considered to be specifi ed, those of λ gl and λ i are to be found in the handbook on thermal properties (Vargaftik, 1972) at the average temperature of the glass sheet and in the air gap, respectively, δ a and δ gl are selected on the basis of the results of the parametric analysis for certain conditions. Kovalnogov & Chamchiyan It is evident from expression (1) that specifi c heat loss through windows decreases by reducing the heat transfer coeffi cients α 1 and α 2 , convection coeffi cient ε and by increasing the number of layers in the glass pane n, increasing the air-layer thickness δ as well as glass-layer thickness δ gl .
The heat transfer coeffi cients α 1 and α 2 and the convection coeffi cient ε are in a complex dependence on the glass-surface temperatures t 1 , …, t 4 , t', and t" as well as on the temperature of the environment t f 1 and t f 2 , wind speed u, the air-layer thickness δ a , height h, and on the width of the opening l.
The glass-surface temperatures t 1 , …, t 4 , t', and t" are defi ned under these specifi c conditions from the following relations: 
The internal air heat transfer process proceeds under the condition of free convection, and the heat transfer coeffi cient α 1 can be determined using the empirical equation of similarity (Muchahchev and Shchukin, 1991) :
where Nu is the Nusselt number; Gr is the Grashof number; Pr is the Prandtl number; g is the acceleration of gravity, m/s 2 ; ν is the kinematic coeffi cient of air viscosity, m 2 /s; β is the air volume expansion coeffi cient, K -1 ; Δt is the temperature difference, K; μ is the dynamic coeffi cient of air viscosity, Pa·s; c p is the specifi c isobaric air heat capacity, J/(kg·K), and c and k are the numerical coeffi cients which depend on the Rayleigh number Ra = GrPr; the subscript m means that the thermal properties of air (λ, ν, μ, β, and c p ), included in the numbers of similarity Nu, Gr, and Pr, are selected using the heat of the medium t m . The Nusselt number is defi ned as
the Grashof number is defi ned as the medium temperature is defi ned as ( )
In the case of no wind, the outside air heat transfer takes place in free convection conditions. To determine the heat transfer coeffi cient α 2 , the similarity equation (4) In the presence of wind, heat transfer takes place under conditions of forced convection. In the case where the wind direction coincides with the plane of the opening, the heat transfer coeffi cient is (Muchahchev and Shchukin, 1991) 0, 8 0, 4 0, 037 Re Pr
where Re is the Reynolds number and the subscript f means that the thermal properties of air (λ, ν, μ, and c p ) included in Nu and Pr were selected at an average temperature t f 2 . The Reynolds number is defi ned as Re = ν ul The Nu number in Eq. (6) is given by
. If the direction of wind does not coincide with the plane of the opening, some more sophisticated methods (Kovalnogov, 1996) should be used for calculating the coefficient α 2 .
The coeffi cient of convection  ε can be determined from the empirical scaling equation (Muchahchev and Shchukin, 1991)
The numerical coeffi cients c and n depend on the Ra number based on the temperature of the medium t m in the air gap. Depending on the number of glass layers and the number of air gaps in triple-glazed windows for which the convection coeffi cient is determined, the temperature t m is determined by one of the following expressions:
( )
2 .
The joint solution of Eqs. (1)- (7) makes it possible to determine the specifi c heat loss through the window glazing under specifi c conditions. Since the temperatures t 1 , …, t 4 , t', and t" are unknown, the equation is solved by consistent approximations.
According to the explained procedure, a parametric study was carried out in order to estimate the infl uence of various factors on the specifi c heat loss through double-and triple-glazed windows. The following values of signifi cant parameters were used in the calculations:
o С ; h = 1.5-2.5 m ; l = 1.5-2.5 m ;
δ gl = 3-5 mm ; δ a = 10-300 mm ; u = 0-10 m/s . Figure 1 shows the infl uence of the air-layer thickness δ a on the specifi c heat loss q obtained in the conditions at h = l = 1.5 m, δ gl = 3 mm, and u = 0 as well as the results of calculations that illustrate the effect of wind load speed on the specifi c heat loss through double-and triple-glazed windows. These results correspond to the thickness of the air layer δ a = 80 mm.
As shown in Fig. 1 , an additional glass layer substantially reduces heat loss through the glazed opening (50% and more), wherein such a decrease mainly occurs due to the reduction in the convection coeffi cient ε in the air layer rather than in the additional thermal resistance of the glass sheet. The most signifi cant reduction (52%) in specifi c heat losses under these conditions occurs when the thickness of the air layer is δ a = 80 mm.
As is shown, the wind speed also greatly affects the heat loss. So, under these conditions, when the wind speed increases from 0 to 10 m/s, the specifi c heat loss increases by 15% for a double-glazed window and by 23% for a triple-glazed window. The most intense heat change occurs when the wind speed changes from 0 to 4 m/s. Calculations also show that the change in the thickness of the glass sheet and in the opening size have a little effect (within 1-1.5%) on the specifi c heat loss.
FIG. 1:
Effect of the thickness of the air layer in the pane and of the wind speed on the specifi c heat loss: 1) double-glazed; 2) triple-glazed
MODELING OF THE INFLUENCE OF PVC WINDOWS ON THE HEAT BALANCE OF A BUILDING
We used the mathematical techniques developed for modeling thermal conditions in buildings (Kovalnogov et al., , 2016 ) and a software product (Kovalnogov et al., 2006) designed to simulate heat transfer into a building with account for the effect of PVC windows on the heat balance. The heat balance of a separate room or of the whole building in general consists of the following components:
where Q 1 is the heat output of the heating system, W; Q 2 is the total heat capacity of lighting, W; Q 3 is the heat gain by people, W; Q 4 is the heat gain due to the exposure to sun, W; Q 5 is the heat loss due to heat transfer through the building enclosing structure, W; Q 6 is the heat losses due to infi ltration of outside air, W, and Q 7 is the heat loss associated with the ventilation space, W. The monitoring of the thermal state of the main academic building (Rticheva, 2008) took place in the heating period 2007-2008 (before installing PVC windows). It showed that up to 60% of losses can be attributed to Q 5 and not less than 40% to Q 6 and Q 7 (Rticheva and Chamchiyan, 2014). The use of PVC windows affects the Q 6 component of the heat balance, reducing it almost to zero, as well as affects an indirect impact on the components Q 1 , Q 4 , and Q 7 . In particular the actual saving of thermal energy due to the PVC windows is much less than it was expected due to such an indirect impact.
We consider the features of such an effect in detail. If Q 1 is not adapted to Q 6 changes, this will lead to an increase in temperature. So, after the main academic building was equipped with PVC windows, the recorded excess of the comfortable temperature level in its rooms got a value of 5-6 o C (Pazushkin et al., 2009) . As a result, there is an increase in the latent heat loss due to the ventilation of rooms, which nullifi es the positive effect of the reduction of Q 6 . Therefore it is evident that the benefi ts of using PVC windows can be realized only in the case of reduction of the Q 1 component. One of the options is using an automated heat consumption control system in a building designed according to the time of a day, the building enclosing structure, and the number of fl oors (Kovalnogov et al., 2012 ). An indirect infl uence of PVC windows on the Q 7 balance (9) means an increase in the load on the ventilation system with zero infi ltration of outside air. Additional load on ventilation is determined by the permissible concentrations of harmful substances.
Most of public and residential buildings have a general natural exchange ventilation system that functions due to the infl ow of outside air through leaks in window constructions and its removal through suction channels. In this case, the climate system must ensure the removal of excess heat gain, moisture, and carbon dioxide CO 2 . The concentration of CO 2 in the indoor air is one of the key factors of microclimate man-agement systems (Pantazaras et al., 2016) . The amount of additional air fl ow due to removal of CO 2 from the rooms can be calculated by the formula 2 CO 0 2 1 Figure 2 shows some results of experimental and theoretical investigations of changes in carbon dioxide concentrations in air in one (representative) room of the main academic building with PVC windows .
The balance of excess heat, moisture, and carbon dioxide in a room is described by the following equations: 10 10
where Q IN is the excess heat generated in a room, J/h; G IN i and G OUT j are the consumptions of supply and exhaust ventilation in a room, respectively, kg/h; , The incoming hazards in classrooms and offi ces are described by the following equations:
where q is the amount of heat released by a person, J/h; n is the number of people in a room; ΔQ is the heat saving due to the installation of PVC windows, J/h; m hm is the moisture released by a person, kg/h, and 2 CO m is the amount of carbon dioxide released by a person, L/h.
The amount of air required to dissipate this excessive pollutant is defi ned by the following relationships:
2 2 CO CO 3 2 1 ( ) 10 Figure 3 shows the dynamics of accumulation and dispersion of CO 2 in the representative room. It is assumed that the maximum load on a room takes place in the middle of the day, as well as carbon dioxide exhaled with the air accumulates in the room without dispersion.
The change in air consumption needed for dispersion of the CO 2 exhaled by people in the room was investigated. Figure 4 shows the dependence of CO 2 concentration on time when the air consumption decreases and CO 2 concentration in the indoor air increases with time.
Aeration is needed to disperse CO 2 in the air in rooms with natural ventilation through PVC windows. Air consumption during ventilation should be capable of dissipating the peak pollutant, as in the example where the time is equal to 10,800 s (Fig. 5) . Evaluation of temperature and humidity of the PVC windows in a building showed a discrepancy of the air temperature and of the standard value at the control points. The temperature exceeds the upper threshold of permissible regulatory temperature by an average of 1.5-2 o C. Figure 5 showss that the air fl ow during ventilation must reach a value of about 650 m 3 /h. An automatic room ventilation system is recommended to be used in order to provide ventilation at regular time intervals. By calculating the amount of the air fl ow needed for the ventilation, it is suggested to consider hazards dispersion coeffi cient which is calculated by formulas (6)-(8). As a standard classroom or offi ce room is not completely sealed, the hazards concentrate not completely. There is certain dispersion. Thus, it is suggested to determine the pollutant consumption accumulated in the space from the following expressions: There is the dependence of the dispersion coeffi cient β 3 and of the concentration of CO 2 in the air (Fig. 6) . We investigated the energy effi ciency of adaptive control ventilation (aeration) with heat consumption in a building with PVC windows. The main academic building of Ulyanovsk State Technical University was selected as an object. The methodology of the analysis was based on the zoned-controlling of heat consumption by automatic mixing coeffi cient adjustment. If all other parameters remain
FIG. 5:
Change in the air fl ow in time: 1) schedule of the required fl ow rate to dissipate CO 2 ; 2) maximum air fl ow required for dispersion of CO 2 constant and predetermined internal temperature does not change, the air exchange rate K that provides permissible concentrations of pollutants in the air will cause the temperature change in the heating system, which satisfi es the following condition:
where t 1 is the temperature of the heat transfer agent fl ow in a pipe, K; t 2 is the temperature of a return fl ow in a pipe, K; G Т is the mass consumption of the heat transfer agent of the heating system; τ dg d is the specifi c mixing ratio change per unit time; V is the volume of a room or a group of rooms; c a is the isobaric mass heat capacity of air; τ dK d is the specifi c change in ventilation rate per unit time, and c Т is the heat capacity of water (heat transfer agent of the heating system). Figure 7 shows some simulation results of an adaptive control of heat consumption and ventilation of the main academic building, while a comfortable temperature at about 23 o C and the concentration of carbon dioxide in the rooms up to 1000 cm 3 /m 3 are maintained.
It was found that the use of such a controlling system will cause thermal energy savings by PVC windows up to 30% of the thermal energy consumed by the building.
MODELING OF THE SYSTEM FOR OPTIMAL HEAT CONSUMPTION OF A BUILDING
For specifi ed environmental conditions (ambient air temperature, wind speed and direction, atmospheric pressure, etc.) and for the given graph of central quality control
FIG. 6:
Dependence of dispersion coeffi cient β 3 on the concentration of CO 2 in the room air of the fl ow temperature (heating water), the thermal model of the building allows determining the needs of thermal power for heating, the temperature of the indoor air in every room of the main building, and their dependence on the position of the HOS actuators, determining the value of the mixing coeffi cient G of water supply line to the water in the return line. By "room" is understood a closed space (classroom, offi ce, staircase, bathroom, ventilation and elevator shafts, etc.), communicating with other rooms on the same fl oor, on the upstream and downstream levels, as well as with environment through walls, windows, and doorways. For every room in the electronic database of the thermal model the following parameters are given: volume V, m 3 ; area S, m 2 ; thickness of the walls δ i , windows δ 1i , and doorways δ 2i , m; a list of all rooms communicating with the considered one on the same fl oor, indicating the total area of walls F 0j , windows F 1j , and doorways F 2j ; a list of all facilities of the upstream and downstream fl oors, communicating with the considered room, indicating the area F k of a common overlapping area of walls, windows, and doorways, communicating with the outside, m 2 ; the number of people n i ; power lighting N 0i , W, etc. Furthermore, according to the methods suggested in (Muchachev and Shchukin, 1991; CNiP, 1997 CNiP, , 1998 CNiP, , 1999 Sokolov, 2001; Apartsev, 1983; for each room we calculated the mass fl ow of infi ltrated G inf and ventilated G vnt air, kg/s; heater parameter K b F b , W/K; average temperature of heat transfer fl uid t mf , o C; heat transfer coeffi cients to the inner α 1 and outer α 2 surface of each wall or overlapping, W/(m 2 ·K).
The room temperature is determined by solving a system of balance equations compiled for each of the rooms. The balance equation for an arbitrary space is given by 
where t out is the outside air temperature; t vnt is the temperature of the supplied ventilation air; M is the number of rooms located on the same fl oor, and on the upstream and downstream fl oors, and k is the coeffi cient of heat transfer. The temperature dependence of the heat transfer liquid in fl ow and return pipe on the outdoor air temperature is expressed by the equations
( )
The average heat transfer agent temperature determines the indoor temperature of buildings and heat consumption. Thus, Eq. (27) represents an equation of regulation. To optimize heat consumption is to ensure a minimum fl ow of thermal energy for heating a building, providing a given level of indoor air temperature by automatically selected desired values of the coeffi cient G.
The effi ciency rating of heat consumption control system includes comparing the amount of heat energy consumed by a subject for a certain period of time in the presence of such a system and in its absence. In the absence of an automated system, the regulation of heat consumption is carried out in the elevator assemblies, where by mixing heat transfer agents from the fl ow and return pipes in a certain (constant over time) proportion the medium entering the heating devices is prepared. The mixture temperature (heat transfer agent entering heating devices), neglecting the dependence of the density and specifi c heat of heat transfer agent (water) on the temperature balance can be expressed by relation (27) .
Thus, in the absence of an automated control system in elevator assemblies an implementation of such a time-constant mixing ratio G 0 is provided, where the given schedule for a central control the rated temperature t fin ' of the heat transfer agent at the entrance to the heater is reached (under these conditions t fin ' = 95 o C). For a heat supply schedule between 150°C and 70°C (that is applicable for the winter season) G 0 = 0.3125. Typical heat supply schedules depend on ambient temperature and the type of building (SNiP, 1997). The indoor air temperature during the heating period should not fall below the value regulated by sanitary standards. Obviously, in this case, there will be periods during which the indoor temperature is above the standard value, then heat consumption will be higher than the required and thermal energy overrun will occur.
Nowadays, under conditions of constant fuel shortage often the suppliers of thermal energy do not provide the design parameters of heat transfer agent in the fl ow pipe. In this case, thermal energy consumers are forced to work at ae maximum possible value of the coeffi cient G 0 , equal to 1, to keep the indoor temperature at the highest possible level (though sometimes less than that determined by sanitary standards). In practice, it means that the heat transfer fl uid from the fl ow pipe is supplied directly (bypassing the mixing valve) to the heaters.
In the presence of an automated system, the mixing ratio G is automatically changed so that the temperature of the heat transfer liquid t f in takes the value to provide the desired indoor air temperature. Thus, the relative heat savings η under these conditions for the time interval Δτ, due to the presence of an automatic control system can be determined by the expression 
where τ is the current time and t -f in is the value of mix temperature, corresponding to the value of the mixing ratio G 0 .
Using the method described above, the heat and thermal energy saving for the main building of the Ulyanovsk State Technical University was analyzed. Some results are shown in Fig. 8 .
Saving percentage of heat energy is 40%. An analysis of the results of the study also notes that for the main building there are signifi cant reserves for heat energy saving, because the reduced R value turned out to be 2-4 times less than the regulated one (SNiP, 1998).
CONCLUSIONS
The research results allow us to mention that, as a rule, old buildings have a large potential for thermal energy saving, in particular, related to the outer enclosing constructions, as well as microclimate management and power control systems.
Real thermal energy savings, obtained by the introduction of PVC windows of increased tightness are usually much less than the expected ones due to the related increase in the latent heat loss due to ventilation of rooms or as a result of the increasing ventilation load within the microclimate system. Technical and economic benefi ts of PVC windows of increased tightness can be implemented only along with implementation of the following comprehensive measures:
• comprehensive approach to the microclimate management system of the building; • taking into account the change in the technical load of the building rooms; • reduction of heat output of the heating system in proportion to the reduction in infi ltration component of the heat balance in a building; • adaptive control of thermal output of the heating system based on the control by time of a day, on the facades and fl oors of a building; • optimization of functioning mode and the ventilation system structure in accordance with the changes in the components of the heat balance of rooms and the increased ventilation load; • consideration of carbon dioxide CO 2 emission in the management of ventilation systems.
